Introduction
============

Phenytoin is an antiepileptic agent that is commonly used for prophylaxis and treatment of seizure in neurointensive care patients caused by different etiological factors, such as traumatic brain injury, intracranial hemorrhage (ICH), and subarachnoid hemorrhage.[@b1-cpaa-10-183]--[@b4-cpaa-10-183] Phenytoin possesses complex pharmacokinetic characteristics: it has high plasma protein binding (\~90%), a narrow therapeutic window, and wide interindividual variability. Due to its nonlinear pharmacokinetics, small changes in phenytoin dose may result in great changes in phenytoin's serum concentration. The free drug is considered a pharmacologically active form of phenytoin, and is responsible for its therapeutic and toxic effects.[@b5-cpaa-10-183]--[@b7-cpaa-10-183] Multiple factors, including hypoalbuminemia, concomitant medication, comorbidities, and increased hepatic metabolism, can alter free and total phenytoin concentration.[@b8-cpaa-10-183]--[@b10-cpaa-10-183] Therefore, therapeutic drug monitoring is usually recommended for phenytoin, particularly in the presence of hypoalbuminemia or other conditions affecting drug serum concentration.[@b4-cpaa-10-183] Routinely, total serum concentration is used for monitoring of phenytoin serum concentration, because this test is widely available and relatively inexpensive. However, results of several studies have shown that total serum concentration may not be a good therapeutic target for dose adjustment in all patients, because the free drug concentration, which is responsible for the therapeutic and toxic effects of phenytoin, is highly affected by several conditions, eg, hypoalbuminemia.[@b11-cpaa-10-183],[@b12-cpaa-10-183]

In critically ill patients, multiple factors that lead to hypoalbuminemia, such as advanced age, severe infection, inflammation, malnutrition, uremia, and liver failure can alter free phenytoin concentration.[@b13-cpaa-10-183] Therefore, intensive-care unit (ICU) patients are at higher risk of toxic or subtherapeutic serum concentration, which justifies the significance of free phenytoin-concentration monitoring in such patients.[@b14-cpaa-10-183] However, due to the technical difficulties, costliness, and time-consuming nature of methods for measuring free phenytoin concentration, it is estimated by various theoretical equations in routine clinical practice. The conventional Sheiner--Tozer equation uses the value of total phenytoin serum concentration and simultaneous albumin to predict free phenytoin concentration in the presence of hypoalbuminemia.[@b15-cpaa-10-183] However, there are conflicting results concerning its accuracy and precision for prediction of free phenytoin concentration. Results of several studies have demonstrated that this equation is an inaccurate predictor for phenytoin-dose adjustment in all patients, because in addition to hypoalbuminemia, several other factors, such as renal and liver dysfunction, as well as concomitant-medication consumption, can alter free phenytoin concentration, especially in critically ill patients.[@b16-cpaa-10-183] Considering the impact of these factors on free phenytoin concentration, some studies have used a revised Sheiner--Tozer equation containing different coefficients to improve the accuracy of the equation for prediction of free phenytoin concentration. However, these studies have demonstrated conflicting results.[@b17-cpaa-10-183]

It seems that multiple factors, such as patient population, albumin concentration, sampling time, free phenytoin-assay temperature, age of patients, renal function, and concomitant medications, have contributed to the conflicting results of these studies.[@b15-cpaa-10-183] Considering the conflicting results of previous studies, we aimed to design a study in which the confounding effects of some factors, such as renal and liver dysfunction, as well as drug interactions, have been removed and evaluate the level of agreement and correlation between measured and calculated free phenytoin concentrations, using both conventional and revised Sheiner--Tozer equations in neurointensive care patients with hypoalbuminemia.

Methods
=======

Study population and setting
----------------------------

This was a prospective observational study conducted in the neurointensive care unit of Besat Hospital, affiliated with Hamadan University of Medical Sciences, Hamadan, Iran between June 2016 and October 2017. The study protocol was approved by the ethics committee of Hamadan University of Medical Sciences (IR.UMSHA.REC.1395) and informed written consent form obtained from all participants or their legally authorized representatives. This study was conducted in accordance with the Declaration of Helsinki.

Patients aged 18--65 years admitted to the ICU due to traumatic brain injury, subarachnoid hemorrhage, or ICH and receiving intravenous (IV) phenytoin for prophylaxis or treatment of seizures were enrolled in this study. Inclusion criteria were hypoalbuminemia (serum albumin \<3.5 g/dL), absence of second- or third-degree cardiac blockage, and absence of bradycardia and significant hypotension. Patients were excluded if there were presence of hepatic or renal failure, consumption of concomitant medications interfering with phenytoin protein binding or metabolism, such as valproic acid, phenobarbital, heparin, or sulfonamides, and transfusion of blood products and albumin during the study period. Serum albumin levels were categorized into three groups according to the study by Buckley et al: mild hypoalbuminemia (3--3.5 g/dL), moderate hypoalbuminemia (2.5--3 g/dL), and severe hypoalbuminemia (\<2.5 g/dL).[@b13-cpaa-10-183] Relevant demographic and clinical characteristics, including age, sex, body-mass index, ICU-admission indication, serum albumin level, creatinine concentration, total bilirubin concentration, and Glasgow Coma Scale on admission, were recorded for all patients.

Patients received phenytoin sodium as an IV loading dose of 15--20 mg/kg, followed by maintenance doses of 4--7 mg/kg/day (divided in three doses), administered by IV infusion at 8-hour intervals. On the fourth day of treatment (the time by which phenytoin is expected to reach the steady-state level), 5 mL blood samples were collected to obtain phenytoin trough serum concentration (30 minutes before the next dose). Blood samples were centrifuged at room temperature for 10 minutes at 3,500 rpm. Serum samples were divided into two parts: one used to measure the total phenytoin serum concentration, and the remaining one filtered through an ultrafilter (Amicon, cutoff 10,000 Da) to measure free fraction.

An isocratic HPLC method was developed for analysis of total and free phenytoin serum concentrations. The mobile phase consisted of water (prepared by reverse osmosis) and analytical-grade acetonitrile (55:45; Merck, Darmstadt, Germany). The flow rate was 1 mL/min, and the analysis was performed at room temperature. Proteins of samples were precipitated with the addition of acetonitrile and centrifuged at 9,000 rpm. About 20 µL supernatant was injected into the HPLC column (C~18~ \[5 µm, 25×0.46 cm\]) for determination of free and total phenytoin concentration. Samples were introduced to the HPLC column through a Rheodyne injector fitted with a 100 µL loop. The in-house LC method was validated by spiking the predetermined concentrations of free phenytoin as 0.5, 1, 3, 5, 10, and 15 µg/mL in blank serum. The experiment was performed in triplicate. The method was proven to be linear over the studied concentrations, with a regression coefficient of 0.9946. Calculated interday and intraday precision and accuracy were in an acceptable range according to ICH guidelines for validation of analytical methods in biological fluids ([Table 1](#t1-cpaa-10-183){ref-type="table"}). The limit of detection and limit of quantification, determined using signal:noise ratio, were 0.25 µg/mL and 0.43 µg/mL, respectively. Recovery of phenytoin from serum was calculated as 75.6%±3.24%.

In addition to direct measurement, free phenytoin serum concentrations were also calculated using both conventional and revised Sheiner--Tozer equations as the study by Kane et al:[@b17-cpaa-10-183],[@b18-cpaa-10-183]1) Conventional equation: $$\text{adjusted~free~phenytoin~concentration} = \frac{\text{measured~total~phenytoin~leevel}\left( {µ\frac{g}{\text{ml}}} \right)}{\left( {\text{Albumin×}0.2} \right) + 0.1} \times 0.1$$2) Revised equation: $$\text{adjusted~free~phenytoin~concentration} = \frac{\text{measured~total~phenytoin~level}\left( {µ\frac{g}{\text{ml}}} \right)}{\left( {\text{Albumin} \times 0.29} \right) + 0.1} \times 0.1$$

Eventually, correlations and level of agreement between measured and calculated free phenytoin concentrations were evaluated in all patients, considering the effect of patients' sex and age-group (\>55 years and \<55 years) on the extent of agreement.

Sample-size calculation and data analysis
-----------------------------------------

A sample of 65 patients was calculated on the basis of the expected mean serum concentration of phenytoin (40 µg/mL) as a primary outcome measure, considering *a*=5% and accuracy level 3 µg/mL. Data obtained were analyzed by SPSS version 16.0 (SPSS, Chicago, Ill, USA). The *c*^2^ and independent *t*-tests were used to analyze qualitative and quantitative variables. Also, Pearson analysis was used to assess correlations. *P*\<0.05 was considered significant.

Results
=======

A flow diagram of patients is shown in ([Figure 1](#f1-cpaa-10-183){ref-type="fig"}). Of 97 patients who were assessed to be enrolled in the study, 22 did not meet the inclusion criteria. Among the remaining 75 who were included in the study, ten were excluded (two due to death, one discharged before taking blood samples, and seven due to unsuitable blood samples).

The demographic characteristics of patients are summarized in [Table 2](#t2-cpaa-10-183){ref-type="table"}. Of 65 patients who were recruited in this study, 38 were male and 27 female, with a mean age of 39.71±17.56 years. All patients had hypoalbuminemia, and the mean albumin serum concentration of the study population was 2.63±0.57 g/dL. Means of measured total and free phenytoin concentrations were 13.21±5.56 and 1.63±0.74 µg/mL, respectively. Also, means of calculated free phenytoin concentrations obtained by using conventional and revised Sheiner--Tozer equations were 2.15±0.95 and 1.57±0.71 µg/mL, respectively. In total, means of measured total and free phenytoin serum concentrations were in concordance in 38.46% of patients. In other words, measured total phenytoin concentration was not an accurate indicator of free phenytoin concentration (the active form of the drug) in 61.54% of patients. Pearson correlation analysis showed a significant but poor correlation between measured free and total phenytoin concentrations (*r*=0.29, *P*=0.02). Based on the results, the mean calculated free phenytoin concentration obtained using the conventional Sheiner--Tozer equation was in agreement with mean measured free phenytoin concentration in 66.15% of patients, which means the conventional Sheiner--Tozer equation was able to estimate free phenytoin concentration accurately in 66.15% of patients (43 of 65 patients). At the same time, mean calculated free phenytoin concentration obtained by using the revised Sheiner--Tozer equation was in agreement with mean measured free concentration in 64.6% of patients (42 of 65 patients). Pearson correlation analysis showed a significant but relatively weak--moderate linear correlation between measured and calculated free phenytoin concentration using conventional and revised equations in these patients (*r*=0.45 \[*P*=0.001\] and *r*=0.43 \[*P*=0.001\], respectively).

Data on agreement assessment of measured and calculated free phenytoin concentrations obtained by using conventional and revised Sheiner--Tozer equations are summarized in [Table 3](#t3-cpaa-10-183){ref-type="table"}. In 33.85% of patients (22 of 65 patients), there was disagreement between measured free phenytoin concentration and calculated values obtained by using the conventional equation, while disagreement between measured concentration and calculated values obtained using the revised Sheiner--Tozer equation was observed in 35.4% of patients (23 of 65 patients). As such, using the revised Sheiner--Tozer equation did not improve accuracy in prediction of free phenytoin concentration. The level of agreement/disagreement based on age-group and sex of patients is shown in [Table 4](#t4-cpaa-10-183){ref-type="table"}. Level of agreement between measured phenytoin serum concentrations and calculated values obtained by conventional and revised equations was 66.67% and 66.67% in females and 65.79% and 63.16% in males. These results demonstrated that accuracy of the Sheiner--Tozer equation for prediction of free phenytoin serum concentration was not affected by patient sex. Our data analysis showed that patients \<55 years old had higher levels of agreement between measured free phenytoin concentrations and calculated values obtained by using conventional and revised equations (68.42% and 68.42%) than patients \>55 years old (50% and 37.5%).

Measured free phenytoin concentrations were \>2 µg/mL (supratherapeutic) in 32.30%of patients, within 1--2 µg/mL (the therapeutic range) in 46.15% of patients, and \<1 µg/mL (subtherapeutic) in 23.07% of patients. Also, 52.38% of patients who had supratherapeutic phenytoin serum concentrations were suffering from severe hypoalbuminemia, which indicated that patients with severe hypoalbuminemia were at higher risk of phenytoin toxicity. Therefore, monitoring of free phenytoin concentration is suggested specially in these patients.

Discussion
==========

The results of the present study showed that there was a weak correlation between measured total and free phenytoin concentrations. Therefore, the decision about phenytoin-dose adjustment should be made based on phenytoin free concentration as the active form of the drug. On the other hand, calculated free phenytoin concentrations obtained by using conventional and revised Sheiner--Tozer equations predicted free phenytoin concentrations accurately in 66.15% and 64.6% of patients, respectively. There was a relatively weak--moderate correlation between calculated and measured free phenytoin concentrations, which means that using conventional and revised Sheiner--Tozer equations was not been able to predict free phenytoin serum concentration accurately in all patients, especially in older patients with severe hypoalbuminemia.

As phenytoin is an agent with high protein binding that follows a nonlinear pharmacokinetic pattern, numerous factors, including presence of hypoalbuminemia, renal or hepatic dysfunction, hypermetabolic and hypercatabolic conditions, hyperlipidemia, diabetic mellitus, malnutrition, inflammation, or concomitant use of medications interfering with phenytoin protein binding or metabolism, can alter its serum concentration.[@b7-cpaa-10-183],[@b19-cpaa-10-183] The presence of several of these factors in critically ill patients can result in hypoalbuminemia and may put these patients at risk of phenytoin toxicity or uncontrolled seizures. Therefore, phenytoin pharmacokinetic properties necessitate the importance of dosing and monitoring of serum drug concentrations for optimal efficacy and safety, especially in ICU patients.[@b20-cpaa-10-183]

Although total concentration is used routinely in practice for the monitoring of phenytoin serum concentration, studies evaluating correlation and agreement between free and total phenytoin concentrations have shown conflicting results. In this regard, results of studies on noncritically ill patients with normal serum albumin concentrations have demonstrated strong correlations between free and total phenytoin serum concentrations and concluded that phenytoin dose can be adjusted based on total phenytoin concentration in these patients.[@b2-cpaa-10-183],[@b21-cpaa-10-183] In contrast, studies conducted on critically ill patients, such as those with traumatic brain injury, have shown that due to hypoalbuminemia and several other factors, such as renal or hepatic impairment, which can affect phenytoin plasma protein binding, there was poor correlation between free and total phenytoin serum concentrations.[@b22-cpaa-10-183]--[@b25-cpaa-10-183] Though demonstrating a moderate correlation between total and free phenytoin concentration (*r*=0.795), Gerhard et al's retrospective study in critically ill children emphasized that total serum concentration cannot be reliable for dose adjustment in critically ill children.[@b26-cpaa-10-183] In another study, elevation of unbound phenytoin fraction beyond 10% and even up to 24% was seen in 76% of critically ill traumatic patients, especially in patients with hypoalbuminemia and hepatic and renal impairments.[@b27-cpaa-10-183] In addition to hypoalbuminemia, there are several other factors in ICU patients that can affect free phenytoin concentration. Sadeghi et al demonstrated that severity of brain injury and dependence on mechanical ventilation, even in the absence of hypoalbuminemia and renal and hepatic failure, can affect levels of agreement between total and free phenytoin concentrations, and there was poor correlation between free and total phenytoin concentrations, especially in patients with severe head trauma.[@b28-cpaa-10-183]

Our findings, consistent with the results of the mentioned studies, showed that although total phenytoin concentration can be considered a reliable therapeutic target in patients with stable chronic diseases without hypoalbuminemia, decision-making based on total phenytoin concentration in critically ill patients may put patients at risk of phenytoin toxicity or uncontrolled seizures. Therefore, measurement of free phenytoin concentration is recommended in these patients.

However, despite the value of measuring free phenytoin concentration, due to technical difficulties, costliness, unavailability, and the time-consuming nature of methods for measuring free serum concentration, several equations have been developed for calculation of free phenytoin concentration in clinical practice. As such, the Sheiner--Tozer equation is one of the most common equations used for the calculation of free phenytoin concentration on the basis of total phenytoin concentration and simultaneous serum albumin in patients with hypoalbuminemia.[@b15-cpaa-10-183]

Several studies have evaluated the precision and accuracy of the Sheiner--Tozer equation in estimation of free phenytoin serum concentration. In this regard, the results of Buckley et al's retrospective study showed that despite the presence of a significant correlation between measured and calculated free phenytoin concentrations estimated using the Sheiner--Tozer equation (*r*=0.817), in 23% of ICU patients with hypoalbuminemia or end-stage renal disease, there was disagreement between measured and calculated free phenytoin concentrations. In 72% of these patients (ie, 72% of the 23% patients mentioned), the calculated phenytoin concentration overestimated the free phenytoin concentration, which means that adjusting doses based on calculated concentration may put these patients at risk of uncontrolled seizures. The study conducted by Hong et al on 49 patients with epilepsy demonstrated a moderate linear correlation between measured and calculated free phenytoin concentration using the Sheiner-- Tozer equation (*r*=0.822), but patients with hypoalbuminemia had higher discordance between measured and calculated free phenytoin concentration compared to normoalbuminemic patients.[@b29-cpaa-10-183] The results of another retrospective study conducted by Krasowski et al demonstrated that measured free phenytoin concentrations had greater concordance with calculated free concentrations than total concentrations, and suggested that the Sheiner--Tozer formula can be used to estimate free phenytoin concentration in situations wherein direct measurement of free phenytoin concentration is not possible. However, they recommended that measuring free phenytoin concentration, when possible, should be considered by clinicians to adjust the dose of phenytoin precisely, especially in the inpatient setting.[@b27-cpaa-10-183] On the other hand, there are some studies that have shown different results. Mlynarek et al concluded that use of the Sheiner--Tozer equation can provide precise and correct estimation of free phenytoin concentrations, probably due to the small sample and uniformity of their study population.[@b30-cpaa-10-183] Also, in another study with a relatively small sample in neurocritically ill patients, there were strong correlations between calculated and measured free phenytoin concentrations.[@b31-cpaa-10-183] However, due to the relatively small sample and differences in patient characteristics, the results of these studies cannot be generalized and should be interpreted with caution. In some studies, the effects of factors other than hypoalbuminemia on free phenytoin concentration have been considered and derivatives of the Sheiner--Tozer equation developed to improve its accuracy and precision in predicting free phenytoin concentration. According to the results of a large retrospective study, the estimation of free phenytoin concentration by the two revised Sheiner--Tozer equations was more precise and accurate than the traditional equation. As such, they concluded that these equations can be used when measuring unbound phenytoin concentration is not possible. Based on multiple regression analysis, they concluded that albumin, total phenytoin serum concentration, and creatinine clearance were important factors in determining the optimal Sheiner--Tozer coefficient.[@b32-cpaa-10-183] The limitation of that study, including the normal serum albumin and renal function of the majority of the study population, as well as the blood sampling before reaching steady-state conditions, does not allow generalization of their results as in Brown et al's study use of the revised Sheiner-Tozer equation could not predict free phenytoin concentration accurately.[@b33-cpaa-10-183] Finally, Kiang et al conducted a comprehensive review of several studies, and concluded that although the revised Sheiner--Tozer equation can improve the accuracy of estimating free phenytoin concentration in intensive-care and elderly patients, multiple factors, such as different characteristics of study populations, age, time of sampling, renal function, concomitant medications, and types of methods for assaying phenytoin and albumin concentration, can affect the predictive ability of these equations. Therefore, further studies considering confounding effects of these variables are needed to propose optimally revised equations that can accurately and precisely predict free phenytoin concentration.[@b15-cpaa-10-183]

In our study, we attempted to remove the effects of some of these factors, such as renal and hepatic dysfunction, as well as drug interactions on free phenytoin concentrations, by restricting inclusion/exclusion criteria. However, using the revised Sheiner--Tozer equation could not improve estimation of free phenytoin concentration in comparison to the conventional equation.

It should be mentioned that in almost all previous studies, associations between calculated or measured free phenytoin concentrations and clinical outcomes were not evaluated. In addition to evaluating the concordance between measured and calculated free phenytoin concentrations by various equations, it is necessary to consider the effects of phenytoin-dosage adjustment by these methods on clinical outcomes. As such, it is recommended that the optimal dose of phenytoin be determined based on the patient's clinical status and therapeutic drug monitoring be considered only guidance for phenytoin-dose adjustment.

Conclusion
==========

Adjusting the phenytoin dose in ICU patients with hypoalbuminemia based on calculated free phenytoin-concentration values obtained by using conventional and revised Sheiner--Tozer equations cannot be accurate in all patients, and may put patients at risk of phenytoin toxicity or uncontrolled seizures. Therefore, phenytoin-dosage adjustment should be done on the basis of measured free phenytoin concentrations, as well as in consideration of the clinical status of patients, in order to achieve the best clinical decisions.
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###### 

Accuracy and precision of the analytical method developed for detection of phenytoin in human serum (n=3)

  Variability                Predetermined concentration (µg/mL)   Detected concentration (µg/mL), mean ± SD   Error %   RSD %
  -------------------------- ------------------------------------- ------------------------------------------- --------- -------
  **Intraday variability**   0.5                                   0.46±0.036                                  −9.21     7.85
  1                          0.93±0.083                            −6.47                                       9.01      
  3                          3.16±0.042                            +5.64                                       1.36      
  5                          5.14±0.289                            +2.93                                       5.63      
  10                         9.92±0.441                            −0.73                                       4.45      
  15                         15.36±0.264                           +2.4                                        1.72      
  **Interday variability**   0.5                                   0.42±0.048                                  −16.03    11.53
  1                          0.87±0.127                            −12.8                                       14.67     
  3                          3.23±0.406                            +7.94                                       12.57     
  5                          5.14±0.545                            +2.82                                       10.62     
  10                         10.06±0.598                           +0.62                                       5.95      
  15                         14.74±1.21                            −1.68                                       8.20      

###### 

Demographic and clinical characteristics of patients

  Variable                                   Patients (n=65)
  ------------------------------------------ -----------------
                                             
  **Age (years), mean ± SD**                 39.71±17.56
  **Sex (male/female), n**                   38/27
  **Body-mass index (kg/m^2^), mean ± SD**   23.75±4.25
  **Indication for NICU admission, n (%)**   
   Traumatic brain injury                    34 (52.3)
   Intracranial hemorrhage                   16 (24.6)
   Subarachnoid hemorrhage                   9 (13.8)
   Other                                     6 (9.3)
  **Glasgow Coma Scale**                     8.84±2.45
  **Serum albumin (g/dL), mean ± SD**        2.63±0.57
  **Serum creatinine (mg/dL), mean ± SD**    1.12±0.35
  **Total bilirubin (mg/dL), mean ± SD**     0.94±0.65

**Abbreviation:** NICU, neurointensive-care unit.

###### 

Agreement between measured and calculated free phenytoin concentration using conventional and revised equations

  Equation                                                                Calculated, % (n)                             
  ------------------------------------------ ---------------------------- ------------------- ------------ ------------ ------------
  **Conventional Sheiner--Tozer equation**   Subtherapeutic (\<1 µg/mL)   12.3 (8)            6.15 (4)     3.07 (2)     21.54 (14)
  Therapeutic (1--2 µg/mL)                   4.61 (3)                     32.3 (21)           9.23 (6)     46.15 (30)   
  Supratherapeutic (\>2 µg/mL)               7.7 (5)                      3.07 (2)            21.53 (14)   32.31 (21)   
  Total                                      24.6 (16)                    41.5 (27)           33.9 (21)    100 (65)     
  **Revised Sheiner--Tozer equation**        Subtherapeutic (\<1 µg/mL)   12.3 (8)            7.7 (5)      1.54 (1)     21.54 (14)
  Therapeutic (1--2 µg/mL)                   4.61 (3)                     32.3 (21)           9.24 (6)     46.15 (30)   
  Supratherapeutic (\>2 µg/mL)               6.15 (4)                     6.15 (4)            20 (13)      32.31 (21)   
  Total                                      23.07 (15)                   46.15 (30)          30.78 (20)   100 (65)     

###### 

Measured and calculated free phenytoin concentration based on age and sex

  Equation                                   (Dis)agreement   Females, % (n)   Males, % (n)   \<55 years, % (n)   \>55 years, % (n)
  ------------------------------------------ ---------------- ---------------- -------------- ------------------- -------------------
  **Conventional Sheiner--Tozer equation**   Agreement        66.67 (18)       65.79 (25)     68.42 (39)          50 (4)
  Disagreement                               33.33 (9)        34.21 (13)       31.58 (18)     50 (4)              
  **Revised Sheiner--Tozer equation**        Agreement        66.67 (18)       63.16 (24)     68.42 (39)          37.5 (3)
  Disagreement                               33.33 (9)        36.84 (14)       31.58 (18)     62.5 (5)            
